By combining multiple photonic crystal fibers with sequentially decreasing zero-dispersion wavelengths we have produced a 1.2 W average-power white-light continuum, covering the visible-near-infrared spectrum from 0.44 to 1.89 m (10 dB width), with an all-fiber picosecond ytterbium pump laser. Wavelengths as short as the ultraviolet ͑0.35 m͒, and spectral power densities of more than 2 mW/nm in the blue spectral region, have been generated. The process is understood in terms of optimizing four-wave mixing phase matching to enhance short-wavelength generation. © 2005 Optical Society of America OCIS codes: 060.4370, 190.4380, 190.2620. Supercontinuum generation in microstructured, holey fibers (HFs) is now an established technique for producing white-light sources. Demonstrations using femtosecond, 1,2 picosecond, 3,4 nanosecond, 5,6 and continuous-wave 7,8 pump sources have been made and the resulting spectra explained qualitatively and sometimes quantitatively in terms of wellestablished nonlinear optical processes. Manipulation of the nonlinear contributions by varying the properties of microstructured fibers provides control over the generation of supercontinua to achieve custom, desirable features. For example, tapering of fibers has recently been used to achieve such control. [9] [10] [11] In this Letter we report on work that uses the combination of a number of lengths of untapered HF with selected dispersion profiles to generate enhanced higher-average-power continuum components in the blue.
Supercontinuum generation in microstructured, holey fibers (HFs) is now an established technique for producing white-light sources. Demonstrations using femtosecond, 1,2 picosecond, 3, 4 nanosecond, 5, 6 and continuous-wave 7, 8 pump sources have been made and the resulting spectra explained qualitatively and sometimes quantitatively in terms of wellestablished nonlinear optical processes. Manipulation of the nonlinear contributions by varying the properties of microstructured fibers provides control over the generation of supercontinua to achieve custom, desirable features. For example, tapering of fibers has recently been used to achieve such control. [9] [10] [11] In this Letter we report on work that uses the combination of a number of lengths of untapered HF with selected dispersion profiles to generate enhanced higher-average-power continuum components in the blue.
Typically, bulk Ti:sapphire oscillators with pulses in the femtosecond to picosecond range near 0.8 m are used for supercontinuum generation in a few millimeters of HF. Such pump sources have been successful at producing broadband visible continua, but one desirable feature of supercontinua, which is difficult to achieve when one is using Ti:sapphire or other bulk femtosecond pumping, is high average power and the resultant high spectral power: Conventional femtosecond systems are typically limited to the order of 100 W / nm. 1 Also, due to the dominating contributions of self-phase modulation and soliton effects, 2 the resulting spectra exhibit poor flatness ͑ϳ20 dB͒. Furthermore, the cost and coupling issues between bulk pump oscillators and HF are additional impediments to applications outside the laboratory.
High-average-power excitation of HFs can be realized by employing novel ytterbium fiber lasers operating near 1.06 m and, with picosecond pulses, tens of kilowatts of peak power in a single-mode fiber configuration can be achieved. Pumping HFs in the picosecond regime stimulates supercontinuum generation through a combination of self-phase modulation, modulational instability, soliton formation, Raman self-scattering of solitons in the anomalousdispersion regime, and parametric processes to short wavelengths. 4 Rulkov et al. recently demonstrated 3 the use of high, ϳ10 kW peak power picosecond Yb lasers for continuum generation to wavelengths as short as 0.53 m. However, it is more difficult to reach shorter visible wavelengths with pump sources at 1.06 m because of the competing requirements of a short zero-dispersion wavelength for the phase matching of parametric processes in the visible, and the necessity of pumping in the low-anomalousdispersion region of the HF for modulational instability and a long-wavelength Raman-soliton continuum. Tapered fibers have recently been used in an attempt to overcome this problem. 11 As an alternative, in the present Letter we demonstrate the extension of Yb pumped supercontinua to wavelengths at least as short as 0.35 m, with a high spectral power density, by cascading a number of HFs, each of which has a progressively shorter zero-dispersion wavelength and therefore advantageous four-wave mixing (FWM) phase matching for the short extension of the continuum.
We employed a completely fiber integrated, nonpolarized, mode-locked Yb pump laser described elsewhere. 3 The laser emitted 3 -4 ps pulses at 51 MHz at a wavelength of 1.06 m with a 3 dB spectral width of ϳ40 nm. Up to 8 W of average power was available at the output. We used a polarizationsensitive bulk optical isolator, and bulk optical coupling into the HF. At the pump settings used in these experiments, 3.6 W of power was incident on the HFs, 55-60% of which was coupled into the fibers. Naturally it should be possible to use a fiber integrated isolator in this system, thus maintaining the completely fiber integrated format and high average powers. Three HFs were used. The first, HF1040, had a zero-dispersion wavelength of 1.04 m and a mode field diameter of 3.2 m (core size, 4.9 m). The second, HF810, had a zero-dispersion wavelength of 0.81 m and a mode field diameter of 1.7 m (core size, 2.5 m). The third, HF780, had zero-dispersion wavelengths of 0.78 and 1.56 m and a mode field diameter of 1.6 m (core size, 1.9 m). Figure 1 shows the linear phase-matching curves for FWM with a degenerate pump in HF1040 and HF780 calculated with up to sixth-order dispersion. 12 The dispersion values of the HFs were calculated with a multipole method software package (CUDOS MOF Utilities, University of Sydney).
As is well established, 4 continuum formation in the anomalous-dispersion regime with pump pulses longer than a few picoseconds is initially driven by modulational instability and self-phase modulation, leading to symmetrical broadening of the pump spectrum. Subsequent soliton formation and breakup, subject to the peak power and dispersion values, takes place, and Raman self-scattering can then lead to a long-wavelength soliton continuum. In HFs with double-zero dispersion profiles within the silica transparency band, continuum generation at wavelengths longer than the pump is limited after the second zero-dispersion wavelength owing to termination of Raman self-scattering of solitons. Only if the FWM phase-matching conditions are also satisfied will the long-wavelength continuum provide the Stokes seed for efficient parametric conversion to wavelengths significantly short of the pump. By considering the FWM phase-matching curves in Fig. 1 within the silica transmission band up to 2.1 m, we see that for HF1040 the shortest phase-matching wavelength is 0.61 m and for HF780 it is 0.45 m. Thus we would expect the continuum generation in HF780 to extend to the blue and in HF1040 to the red wavelengths. It is important to note that this simplified analysis does not take into account nondegenerate pumped and alternative parametric processes, which may also take place.
Initially we assessed generation of continua separately, in 0.7 m of HF1040 and in 10 m of HF780 (Fig.  2) . The continuum in HF1040 extended to ϳ0.60 m, as we expected. However, the continuum in HF780 did not extend to the visible. As follows from Fig. 1 , in HF1040 the pump wavelengths required for generating the visible FWM are ϳ0.95 m, which can readily be achieved via self-phase modulation and modulational instability of the pump in the vicinity of 1 m. However, the pump wavelengths required for FWM in HF780 are ϳ0.75 m, which cannot be achieved in this way. The crux of our technique is to use the continuum from HF1040, which has strong spectral power ϳ0.75 m, as a pump for HF780 and thus satisfy the FWM phase matching to the blue. Figure 3 shows the results of pumping 0.7 m of HF1040 spliced directly to 10 m of HF780, with the same settings as above. The total output power of this continuum was 1.2 W. The 10 dB width of the spectrum is from 0.44 to 1.89 m; we used a monochromator and a PbS detector to take measurements outside the range of the optical spectrum analyzer above 1.75 m. A strong blue peak at 0.47 m (Fig. 3) was generated and determined to be in the fundamental mode. This peak has a maximum spectral power of 2.1 mW/ nm in the vicinity of 0.47 m, which is more than a 20-fold improvement compared to Ti:sapphire pumped supercontinua. 1 The 0.47 m peak phase matches (Fig. 1 ) the strong peak observed at 1.73 m if it is pumped at 0.74 to 0.75 m. Figure  4 shows the short-wavelength edge of the continuum generated as a function of average incident pump power for 0.7 m of HF1040 alone and for 0.7 m of HF1040 spliced to 10 m of HF780. The dashed line indicates the pump wavelength required in HF780 to phase match with the 1.73 and 0.47 m FWM process as described above. The 0.47 m generation Fig. 1 . FWM phase-matching curves for degenerate pumping in HFs HF1040 and HF780. from the combined HFs occurs only after the output continuum of the HF1040 fiber reaches wavelengths shorter than the required pump wavelength, confirming that FWM is the principal process of shortwavelength generation.
As mentioned above, in HF780 the second zero dispersion at 1.56 m prevents soliton formation at longer wavelengths where the dispersion becomes normal. A peak at 1.55 m in Fig. 3 corresponds to the enhanced power density region up to which the solitons shifted before being limited by the normal dispersion. The strong peak at 1.73 m can be formed by FWM pumped by the continuum components at 1.55 m or by soliton effects. No further extension to the red is possible, and the continuum cuts off at 1.9 m. The sharp peak at 0.47 m is well explained by the sharp Stokes seed at 1.73 m, causing stimulated FWM and hence dominating the shortwavelength continuum.
In a similar arrangement, in which the 10 m of HF780 was replaced by 10 m of HF810, which does not have a second zero-dispersion wavelength, a continuum (Fig. 5) as short as 0.35 m (−20 dB level) with no distinct short-wavelength cutoff or peak was generated. Suppression of the 0.35 m component was due to considerably higher losses in the HF toward the blue. The total average output power of this continuum was 0.95 W. This result confirms that, by controlling the presence and location of a second zero-dispersion wavelength, one has a degree of control over the enhancement of the blue wing of the generated continuum. In addition, we suggest that seeding of the long-wavelength continuum at the FWM phase-matched wavelength could be used to achieve even greater levels of control.
In conclusion, we have demonstrated a method for high spectral power extension of 1.06 m pumped supercontinua in holey fibers to the blue by using cascaded HFs with sequentially decreasing zerodispersion wavelengths. The results were interpreted in terms of four-wave mixing phase matching. We demonstrated that, by controlling the second zerodispersion wavelength of the second HF, one can generate either a strong blue enhanced continuum or a gradually rolling off ultraviolet continuum.
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